INTRODUCTION
The ability to adapt to a changing environment is crucial to the success of any species. The mutation rate in bacteria has been estimated to be 0.003 mutations per genome (~5 X 10 -10 per base) per replication (13) , and therefore, a minimum population size is needed to ensure that rare variants will be present that will be resistant to an antibiotic, for example. Accordingly, if population density of a bacterial species is low, then at typical mutation rates, rare mutants may not arise, leading to extinction.
A growing body of evidence indicates that bacteria from wild populations often avoid population extinction by altering their mutation rates. These strategies typically either reduce the fidelity of DNA replication or alter DNA repair mechanisms, resulting in a hypermutable state (49) . Originally reported by LeClerc et al., the incidence of mutators among clinical isolates of pathogenic Escherichia coli and Salmonella enterica was found to be much higher than anticipated (over 1 percent), with defects in DNA mismatch repair (MMR) being responsible (29) . Subsequent studies found examples in many bacterial species; for example, 30% of Pseudomonas aeruginosa isolates from cystic fibrosis patients and 57% of serogroups A epidemic isolates of Neisseria meningitidis were found to exhibit a mutator phenotype or be defective for MMR (18, 28, 43, 47) . However, the appearance of mutator strains is not confined to pathogenic bacteria since the frequency of these defects was essentially the same in commensal and pathogenic E. coli in the survey by Matic and colleagues (36) . The evidence suggests that the frequency of mutators and thus the potential for evolution in wild populations of bacteria may be significantly different from that of laboratory strains.
junctions (attL and attR) are intact with direct sequence repeats defining the ends of the prophage genome, a requirement for integrase-mediated integration and excision. In the GAS genomes that lacked this prophage, the genetic structure and promoter analysis predicted that mutS and mutL are transcribed together on a polycistronic message from the promoter positioned upstream of mutS. Since both genes are required for MMR (20) , the presence of phage SF370.4 was expected to render the host defective for MMR, lacking mutL expression and resulting in a fixed mutator phenotype. However, here we show that in rapidly growing cells or following DNA damage S. pyogenes strain SF370 expresses both mutS and mutL while in stationary phase cells only mutS is expressed. Further, the differential expression of mutL during growth results from the dynamic excision and reintegration of the SF370. 4 prophage. This alteration in prophage integrative states results in a unique and sophisticated molecular mechanism to achieve a growth-phase dependent mutator phenotype in S. pyogenes strain SF370.
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MATERIALS AND METHODS
Bacterial Strains and growth conditions. S. pyogenes SF370, originally
isolated from a wound infection, is an M1 strain whose genome sequence has been completely determined (14) . S. pyogenes NZ131 (ATCC BAA-1633) is an M49 strain that lacks any phage between mutS and mutL and was used as a source of phage-free DNA; its genome has also been completely sequence (submitted; GenBank accession CP000829). Strain MGAS10394 is an M6 serotype strain whose genome has been determined and contains a prophage closely related to SF370.4 integrated into the identical attachment site (2) ; it was obtained from the American Type Culture Collection (ATCC BAA-946). Strain JRS1 is an M1 serotype strain isolated from a case of streptococcal toxic shock syndrome in Oklahoma City, OK that lacks an SF370.4-like prophage as determined by DNA sequencing of this region (not shown). Bacteria were grown in Todd-Hewitt broth (Difco) supplemented with 2% yeast extract (THY medium) at 37° C; growth was monitored by absorbance at 600 nm.
Nucleic acid preparation and PCR. DNA was isolated from streptococci as previously described (39, 44) . The cells were harvested by centrifugation and resuspended in 100 µl Tris-EDTA buffer containing 50 units Streptomyces globisporus mutanolysin (Sigma-Aldrich, St. Louis, MO) and 5 mg lysozyme (Fisher Scientific, Pittsburgh, PA), and the suspensions were incubated at 37°C for 30 minutes. Cell lysis was carried out by the addition of 0.5 ml GES reagent (5 M guanidium thiocyanate, 100 mM EDTA, and 0.5% sarkosyl) followed by vortexing and incubation on ice for 5 minutes. Lysis was quenched by addition of 0.25 ml 7.5 M ammonium acetate, vortexing, and incubation on ice for 10 minutes. DNA was extracted by the addition of 0.5 ml chloroform:isoamyl alcohol (24:1), mixed by vortexing until uniform emulsion formed. Samples were centrifuged at full speed in a microfuge for 10 minutes. The aqueous phase was retained and DNA precipitated by the addition of 0.6 volumes of isopropyl alcohol. Samples were centrifuged again at 6500 x g for 1 minute and washed with 70% ethanol 5 times. Ethanol was removed by vacuum aspiration, and the pellets were dried and resuspended in 100 µl Tris-EDTA buffer containing 0.01 µg RNase A. For some experiments, cells were harvested the growth media by centrifugation and then stored overnight in RNAlater (Ambion) at 4° C before processing as described above.
RNA was prepared using the RiboPure for bacteria system (Ambion), following the manufacturer's recommended protocol. RNA samples were tested for lack of DNA contamination by PCR using primers specific for the variable region of the emm gene (3). RNA samples were converted to cDNA using Superscript II (Invitrogen) and random hexamer priming, following the manufacturer's protocol.
Detection of prophage excision. Polymerase chain reaction amplification of DNA (PCR) or cDNA (reverse transcription PCR; RT-PCR) sequences was performed using Taq DNA polymerase (Invitrogen) and the manufacturer's supplied buffers and recommended conditions. Primers were used to amplify specific internal regions of mutS, mutL, and the mutS-mutL intergenic region ( Table 2 ). The attP site from the excised, circular prophage was amplified using specific primers (Table 2) . When the phage is excised from the chromosome and its DNA circularizes, the attP primers will generate a 486 base pair PCR product. If the phage remains in the host strain's chromosome, no product will be generated using the attP primers. Thermal cycling was performed by an initial denaturation (94° C, 3 minutes), 35 cycles of denaturation (94°   C, 30 seconds), annealing (variable temperatures, depending upon primer Tm, 30 seconds) and synthesis (72° C, 30 seconds), and a final extension step (72° C, 5 minutes).
Mitomycin C induction of MMR-prophage. Mitomycin C induction of prophage was done by a modification of our previous method (40) . A single colony of strain SF370 from a tryptic soy agar plate supplemented with 5% sheep blood was used to inoculate THY broth that was subsequently incubated overnight at 37° C. The overnight culture was diluted 1:20 into 100 ml fresh THY broth, and the culture was incubated at 37° C until early logarithmic growth began (A 600 = 0.2). The culture was divided into two 50 ml cultures, and one was treated with mitomycin C from Streptomyces caespitosus (Calbiotech, Spring Valley, CA) to a final concentration of 0.2 µg/ml. The cultures were incubated at 37°C for one hour, and cells were harvested by centrifugation at 1000 x g for 15 minutes at 4° C. The cell pellets incubated at 65°C for 15 minutes to inactivate endogenous DNases, and chromosomal DNA was isolated as described above.
Kinetics of prophage excision during cell growth. Quantitative real-time PCR
(QRT-PCR) was used to observe prophage SF370.4 excision kinetics in strain SF370 chromosome during growth. A single colony was used to inoculate 5 ml THY broth that was then incubated at 37° for 16 hours. The overnight culture was diluted 1:20 in fresh, pre-warmed THY broth. Cultures were incubated at 37°C, and growth was monitored by absorbance at 600 nm. After 30 minutes of post-inoculation, samples were collected at 30 minutes intervals until 2 hours and then at 15 minute intervals afterwards.
Samples (30 ml) were collected when the culture density was low (A 600 < 0.2), and 10
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ml samples were collected thereafter. Cells were harvested by centrifugation (3500 X g for 10 minutes), suspended in 1 ml RNAlater (Ambion), and stored at 4°C for 24 hours.
Total DNA was then isolated as described above. Real-time PCR to detect phage SF370.4 attP, attB, and attL was carried out on a BioRad iCycler equipped with the realtime optical fluorescent detection system using SYBR Green PCR Master Mix (BioRad Laboratories, Hercules, CA) and the primer pairs listed in ribosomal subunit housekeeping gene were also run on each sample for normalization of the data and water blanks were run as negative controls. To determine the linear range of amplification for this primer set, initial PCRs were performed on serial dilutes of DNA ranging from 150 to 0.015 ng as previously described (32) . It was determined that 10 ng of DNA per reaction was optimal under these conditions; accordingly, all DNA was diluted to 10 ng/µl. Three separate DNA isolations were analyzed by QRT-PCR for all primer pairs, and the results were averaged.
MutS and MutL Protein
Expression. An overnight broth culture of strain SF370 was diluted 1:20 into fresh, pre-warmed THY broth and grown at 37° C. Growth was monitored by spectrophotometry, and early logarithmic growth was achieved (A 600 nm = 0.2). Samples were removed when the A 600 nm of the culture was 0.2, 0.3, 0.4, and 0.6, the cells being quick frozen in a dry ice-ethanol bath upon harvest. All samples were Determination of the spontaneous mutation rate. A standard fluctuation test (30, 48) was used to estimate the mutation rates of S. pyogenes MMR-prophage strains (SF370 and MGAS10394) and MMR-prophage-free strains (JRS1 and NZ131). A THY broth culture of the strain to be tested was started from an individual colony. After overnight incubation at 37°C, the cultures were diluted into fresh media to give a final
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cell density of <1000 CFU/ml and dispensed as 31 separate 1 ml aliquots. After incubation for 24 hours at 37°C, one tube was used to determine the total CFU/ml by serial dilution and the remainder were mixed with 3 ml melted soft agar (45°C) and poured onto THY plates containing 2 µg/ml ciprofloxacin, a DNA gyrase inhibitor. This ) was pre-warmed for 30 minutes prior to strain exposure. For each strain, 5 ml of the resuspended culture was placed in a sterile glass Petri dish and was exposed to the UV lamp. Since a homolog of photolyase is present in the GAS genome, the UV light treatment was carried out in a darkened room. At selected
intervals ( The samples were applied to a nylon membrane using a slot blot apparatus, washed twice with 2X SSC (34) , and fixed to the membrane using UV light.
A nonisotopic DNA probe to the SF370.4 integrase gene was prepared using the PCR DIG Probe Synthesis Kit (Roche Diagnostics Corporation) following the manufacturer's recommended protocol and reagents and using integrase-specific primers. The nylon membranes containing the DNA samples were hybridized to the probe and detected using the DIG DNA detection kit (Roche), following the recommended protocol. DNA from strains SF370 and NZ131 were used as positive and negative controls, respectively. Strains giving positive results were confirmed by PCR of the attL junction between the phage integrase and mutL. Prior to sequencing, PCR products were treated with shrimp alkaline phosphatase and exonuclease I by incubation at 37° C for 60 minutes followed by inactivation of the enzymes by heating to 85° C for 15 minutes. Sequencing was performed using the same primers as PCR. The sequence of the phage SF370.4 attP region is available through GenBank (Accession # AY684192). In some cases, the amplified PCR product was cloned for future study using the vector pGem-T Easy (26) . Computer prediction of promoter elements was done using the Berkeley Drosophila Genome Project neural network promoter prediction server (46) .
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RESULTS
Expression of MMR Genes in GAS SF370 is Related to Growth State of the
Cell. In contrast to many Eubacteria, the genes for MutS and MutL in S. pyogenes are genetically linked together under the control of a common promoter upstream of mutS and are thus predicted to be transcribed together on a polycistronic mRNA (Fig. 1 ).
Additionally, three additional genes, lmrP, tag, and ruvA are predicted to be components If prophage SF370.4 undergoes integrase-mediated excision during exponential growth, the event should restore a phage-free mutS mutL sequence. Using cDNA as a template, the mutS mutL intergenic region is readily detected by PCR amplification of a
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461 bp product in the prophage-free genome of S. pyogenes strain NZ131 (Fig. 2B , lane 2), demonstrating that both genes occupy a common transcript. The presence of the SF370.4 prophage in strain SF370 introduces over 13 Kbp of intervening DNA that prevents similar amplification under typical PCR conditions from chromosomal DNA isolated from stationary phase cells (Fig. 2B, lane 4) . However, the phage-free mutSmutL intergenic product is present in the SF370 cDNA from mRNA obtained from logarithmically growing streptococci ( Circularization of the phage genome upon excision brings the two ends together to create attP as well as simultaneously restoring the prophage-free attB site on the bacterial genome (Fig. 3B) . PCR primers designed to amplify only the attP region in the circular genome (Fig. 3A) gave the predicted product when DNA from logarithmically
growing cells were used as the reaction template, and DNA sequencing confirmed the specificity of the products (attP, Fig. 3B ). Using these primers, it is not possible to amplify a product from the integrated prophage. Chromosomal DNA isolated from cells grown for 18 hours at 37° C, which would be in deep stationary phase, amplified no product by PCR, indicating that most or all cells in the culture contained the prophage in the integrated state (Fig. 3A, lane 3) .
Many prophages are induced by DNA damaging agents such as UV light or mitomycin C, and it was reasoned that such a challenge might promote a populationwide induction of prophage SF370.4 if the phage repressor was sensitive to cleavage following an SOS response as seen in phage lambda. Using PCR, the bacterial attachment site (attB) and the phage attachment site (attP) were amplified from total DNA isolated from mitomycin C induced and uninduced mid-log SF370 following incubation for one hour after treatment (Fig 4) . Both the attB and attP PCR products By contrast, using an equimolar template, the uninduced but logarithmically growing SF370 DNA produced decreased amounts of the attB product and the attP PCR reaction generated a secondary product of >500 bp ( with the results from the uninduced cells in Fig. 4 . Further, the continued increase in attP levels following the reappearance of attL may reflect an increased copy number of the extrachromosomal prophage during this period.
Prophage excision during early exponential growth predicted that the levels of of streptococcal toxic shock. Neither strain NZ131 nor strain JRS1 have a prophage integrated into the mutL gene, and both should be wild type for MMR. The mutation rate was estimated to be 3.3 X 10 -7 and 3.2 X 10 -9 mutations/generation for SF370 and NZ131, respectively, almost a 100-fold increase in mutation rate for SF370 as compared to prophage-free NZ131 and consistent with a mutator phenotype (Fig. 6A) .
The association between a prophage integrated into mutL and an increased mutation rate was also seen in strain MGAS10394 (6.8 X 10 -8 mutations/generation). Strain JRS1, wild type for MMR, had a rate of 5.3 X 10 -10 ( Fig. 6A ).
The polycistronic mRNA containing mutS and mutL is also predicted to contain the downstream gene ruvA, and its transcription would be interrupted by the presence of SF370.4, resulting in an increased sensitivity to killing by UV irradiation (24) . As ). Bacteriophage integrases are very diverse at the protein level (1, 42), and given further variation at the DNA level due to the degeneracy of the code, the phage SF370.4 integrase probe can be expected to be a reasonable reporter for phages using the mutL attachment site. To confirm the use of the mutL attB attachment site in the probe positive strains, PCR was performed using primers to amplify the mutL-integrase junction (not shown). Therefore, both the results of genome sequencing and this brief survey argue that SF370.4-related phages are frequent genetic elements in S. pyogenes. The mechanism of dissemination these phages among the various serotypes remains unknown since none of the phages discovered by genome sequencing have any identifiable late genes for DNA packaging, capsids, or host lysis. Given the overall frequency of overall prophage carriage evidenced by the multiple examples found in all of the sequenced genomes, that mechanism could well be generalized transduction. However, it remains possible that some unknown packaging mechanism may exist, perhaps employing a helper phage, that could generate infectious particles that could spread these phages in a manner similar to the packaging and dissemination of the Staphylococcus aureus pathogenecity islands (57) . MMR-prophage-free strains NZ131 and JRS1. While it is possible that other factors could be responsible for the mutator phenotype in these strains, the simultaneous sensitivity to UV irradiation in these strains, predicted by the inactivation of ruvA following prophage integration, argues that the presence of the prophage is the most direct explanation of this increase in the mutation rate. The creation of prophage-free isogenic mutants of these strains or the passage of the prophages to new hosts will allow a definitive conclusion to be reached in this question. Further, the phenotypic changes resulting from the inactivation of the other genes sharing the same mRNA with mutL and ruvA (tag and lmrP) are yet to be explored, and the integration of prophage SF370.4 into the MMR operon probably creates a complex mutator phenotype.
Excision during logarithmic cell division dictates that phage SF370.4 must be able replicate its genome to prevent elimination from the population. Some temperate phages, such as coliphage P1, replicate as a plasmid in the temperate state, and phage SF370.4 may adopt a similar strategy when excised. The center of the integrated phage SF370.4 genome contains a region that is highly conserved in all of the related genome prophages (Fig. 7) . This section of the genome encodes putative replicase and primase proteins that are homologous to DNA replication genes from plasmid pSt106 of Streptococcus thermophilus (17) . The lack of identifiable DNA packaging, structural, or lytic genes prevents the phage from entering into a lytic cycle, and so replication of the circular phage genome as an autonomous element seems likely. pyogenes presumably leads to an increased mutation rate through the induction of error-prone DNA replication as seen in E. coli (45, 56) , and thus the restoration of MMR following prophage induction by mitomycin C may work to counteract this increase in mutation rate. It is unclear whether this balancing of error-prone DNA replication with a pyogenes genomes, and it is possible that one of these may function as the LexAequivalent. Clearly, this is a topic that needs more study in GAS. A recent survey of the endogenous prophages found in the sequenced bacterial genomes found that 41% of these phages were integrated into tRNA and tmRNA genes, 31% into intergenic regions, and 28% into open reading frames for genes (16) .
Prophage site-specific integration occurs via a duplication between the phage and host chromosomes, and when integration occurs at gene targets, these duplications usually occur at the 3' end of the host target gene, leaving the target gene intact (via the duplication) or in at least one case, provides an alternative carboxy terminus for the specified protein (8, 9) . By contrast, phage SF370.4 integrates into the 5' end of mutL, In the case of S. pyogenes, this may be due to lack of optimization of the phage integration site due to its relatively recent evolutionary appearance, or alternatively, the constitutive expression of MutS may contribute to maintaining some level of
discrimination for RecA-mediated homeologous recombination between divergent DNA sequences (59) . It may well be that the observed system of controlling MMR by prophage SF370.4 is indeed close to optimal, balancing out the different selective pressures on the various repair systems coordinated by this element.
The frequent occurrence of MMR defects in natural populations of bacteria argues that the benefit of increased mutability or potential for horizontal genetic transfer After 48-96 hours incubation, colonies were enumerated and the mutation rate with 95% confidence limits were calculated using the technique of the maximum likelihood estimation (31, 54) . Prophage-carrying strains SF370 and MGAS10394 both showed an enhanced mutation rate as compared to prophage-free strains NZ131 and JRS1.
(B) Enhanced sensitivity of MMR-prophage strains SF370 and MGAS10394 to killing by UV irradiation. Strains SF370, MGAS10394, JRS1, and NZ131 were exposed from 0 to 120 sec 258 nm light (120 µW/cm 2 ) and 10-fold dilutions were spotted onto an agar plate. Prophage-carrying strains SF370 and MGAS10394 showed ~100-fold greater killing than prophage-free strains JRS1 and NZ131, consistent with the inhibition of ruvA expression.
The protocol was performed in a darkened room to prevent photoreactivation. 
